Introduction
============

Cardiac hypertrophy is characterized by the abnormal enlargement of the heart muscle, which occurs as a result of increased myocyte size and non-muscle cell proliferation ([@b1-ijmm-45-03-0793],[@b2-ijmm-45-03-0793]). Cardiac hypertrophy occurs in response to hemodynamic overload and it may predict future coronary artery disease and heart failure ([@b1-ijmm-45-03-0793]). Cardiac hypertrophy is a complex process that occurs at the cellular and molecular levels, and involves imbalance of the local autocrine/paracrine network and circulating biologically active mediators ([@b3-ijmm-45-03-0793]). To date, several cell-derived factors have been shown to improve cardiac function and have intensively been studied as potential pharmacological targets to prevent and reverse cardiac hypertrophy-associated diseases ([@b3-ijmm-45-03-0793]-[@b5-ijmm-45-03-0793]).

Secretoneurin (SN) is a 33-amino acid neuropeptide derived from a member of the chromogranin/secretogranin family, secretogranin-II ([@b6-ijmm-45-03-0793]). SN is considered a novel biomarker for cardiovascular diseases including ischemic heart disease and heart failure ([@b7-ijmm-45-03-0793]-[@b12-ijmm-45-03-0793]). In addition, SN demonstrates a protective function in myocardial ischemia/reperfusion injury in experimental animal models ([@b6-ijmm-45-03-0793],[@b13-ijmm-45-03-0793]). However, little is known regarding the regulation of SN in the hypertrophic injury of cardiomyocytes. Our preliminary study demonstrated that SN played a protective role against cardiac hypertrophy induced by DL-isoproterenol hydrochloride (ISO) in mice ([@b14-ijmm-45-03-0793]). Nevertheless, the mechanism of the protective action of SN against cardiac hypertrophy remains unclear.

Proteomics is a quantitative analysis of protein expression in biological samples. This method is a powerful screening technology for the global evaluation of protein expression in complex samples. The isobaric tags for relative and absolute quantification (iTRAQ)-labeling method is one of the most reliable techniques that allows the quantitative analysis of proteins based on peptide identification ([@b15-ijmm-45-03-0793]). Differential proteomics relies on iTRAQ technology and can reflect the regulatory mechanisms associated with pathological conditions. This approach may be employed in a wide variety of disorders, including cancer, cardiovascular disease and psychiatric illness ([@b16-ijmm-45-03-0793]-[@b19-ijmm-45-03-0793]). Proteomic profiling has revealed that considerable pathophysiological changes, including altered energy metabolism, enhanced protein synthesis, proto-oncogene expression, elevated oxidative stress, occur during cardiac hypertrophy ([@b20-ijmm-45-03-0793]-[@b22-ijmm-45-03-0793]). However, the majority of these studies have only compared patients with cardiac hypertrophy and healthy subjects ([@b23-ijmm-45-03-0793],[@b24-ijmm-45-03-0793]), and the proteomic expression of SN-overexpressing cardiac hypertrophic cells has not been investigated. To the best of our knowledge, the protective mechanism of SN on cardiovascular diseases has not been previously examined using proteomic analysis.

Therefore, in the present study, proteins were labeled by iTRAQ and identified by liquid chromatography-Triple time of flight (LC-TripleTOF^®^) and bioinformatics analyses. The putative target proteins and molecular pathways associated with the protective effect of SN on ISO-induced cardiac hypertrophy in mice were identified. The results of the present study provide information with regard to the possible target proteins and regulatory mechanisms of SN against cardiac hypertrophy and support the understanding of the potential clinical application of SN in the treatment of this disease.

Materials and methods
=====================

Materials
---------

The protease inhibitor cocktail used was obtained from Roche Diagnostics GmbH. The iTRAQ Reagent-8plex kit was purchased from AB Sciex. The BCA Protein assay kit was from Thermo Fisher Scientific, Inc., and the anti-apolipoprotein C-III (Apoc3) antibody was purchased from Boster Biological Technology. DL-isoproterenol hydrochloride (ISO; purity ≥98.5%) was purchased from Sigma-Aldrich; Merck KGaA. The other chemicals used were of analytical grade.

Adenoviral constructs
---------------------

The SN expression vector was customized from Genechem Co., Ltd., as previously described ([@b14-ijmm-45-03-0793]). A signal peptide for the secretion of recombinant SN from transfected cells (ATG GAG TTT GGG CTG AGC TGG CTT TTT CTT GTT GCT GCA TTA AGA GGT GTC CAG TCC) and the human SN peptide (ACA AAT GAA ATA GTG GAG GAA CAA TAT ACT CCT CAA AGC CTT GCT ACA TTG GAA TCT GTC TTC CAA GAG CTG GGG AAA CTG ACA GGA CCA AAC AAC CAG) were synthesized and cloned into the vector (Ad-SN). A similar recombinant adenovirus expressing green fluorescent protein was used as a negative control (Ad-con). Recombinant adenoviruses were amplified and purified as previously described ([@b25-ijmm-45-03-0793]).

Animals
-------

A total of 40 male C57BL/6 mice (age, 8-12 weeks; weight, 22±2 g) were purchased from the Animal Center, Health Sciences Center, Sichuan University. Mice were housed under standard conditions (room temperature, 20±1°C; humidity 60±10%;12-h light/dark cycles) and given free access to standard rodent chow and water. The experimental procedures were performed in compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health (publication no. 85-23, revised 1985). The protocols were approved by the Animal Care and Use Committee of Sichuan University.

Experimental design
-------------------

The animals were randomly divided into four groups (n=10 per group) as follows: i) The control group (G1) including animals treated with Ad-con by myocardial injection and with saline by subcutaneous injection; ii) the control group with high SN levels (G2) including animals treated with Ad-SN by myocardial injection and with saline by subcutaneous administration; iii) the cardiac hypertrophy group (G3) including animals treated with Ad-con by myocardial injection and with ISO by subcutaneous administration; iv) the cardiac hypertrophy group with high SN levels (G4), including animals treated with Ad-SN by myocardial injection and with ISO by subcutaneous administration.

In vivo gene delivery and the mouse model of cardiac hypertrophy
----------------------------------------------------------------

The mice were anesthetized with isoflurane (2%) in oxygen and kept warm at 37°C. After loss of the righting reflex, the mice were ventilated by intratracheal intubation with a rodent ventilator (Harvard Apparatus). The chest of each mouse was opened to expose the heart and 2×10^10^ particles of the Ad-con or Ad-SN (injection volume, 50 *µ*l) were injected into the myocardium at five different sites, as previously described ([@b26-ijmm-45-03-0793],[@b27-ijmm-45-03-0793]). Subsequently, the mice received subcutaneous injection of either ISO (5 mg/kg/day) or saline into their back for seven days ([@b28-ijmm-45-03-0793]). Plasma SN levels were determined by a ultrasensitive electrochemical detection method, which was based on a Pb^2+^-decorated reduced graphene oxidetetraethylene pentamine label ([@b12-ijmm-45-03-0793]).

Echocardiography and cardiac hemodynamic measurements
-----------------------------------------------------

The mice were anesthetized with isoflurane (2%) in oxygen and kept warm at 37°C. After loss of the righting reflex, the mice were examined by transthoracic echocardiography and subsequently hemodynamic measurements were performed following a 7-day period administration of adenoviral constructs ([@b29-ijmm-45-03-0793]). Transthoracic echocardiography was performed with a GE Vivid 7 (GE Healthcare) and a 12-MHz imaging transducer. The investigator was blinded to the treatments and the complete procedure of the echocardiography was performed by the same person. Following echocardiography, the chest of each animal was opened and the left ventricular function was evaluated by inserting a pressure-volume catheter 1.2 F transducer (4.5-mm electrode spacing; serial no. 112B-B057; SCIsense Inc.) into the left ventricle from the apex and positioning it along the cardiac longitudinal axis ([@b29-ijmm-45-03-0793]). The signals were recorded by an eight-channel physiological recorder (iWorx 308; iWorx/CB Sciences, Inc.). Following hemodynamic recording, the mice were euthanized by pentobarbital overdose (at least 200 mg/kg, i.p.) ([@b30-ijmm-45-03-0793]). After cessation of the heartbeat, the hearts were collected immediately to measure the heart weight and extract the proteins.

Protein sample preparation
--------------------------

The heart tissues of the animals in each group were washed with cold PBS following drug treatment and homogenized in cold PBS at 4°C. The cells were collected by centrifugation at 1,000 × g for 5 min at 4°C and subsequently lysed in PBS containing protease inhibitor cocktail. The lysates were freeze-thawed three times at −80°C followed by sonication (200 W; 30 sec) on ice and subsequently centrifuged at 11,500 × g for 20 min at 4°C. The supernatant was collected and stored at −80°C prior to further analysis.

iTRAQ labeling
--------------

The samples were mixed with cold acetone (99.5%) for 2 h at -20°C and centrifuged at 3,000 × g for 5 min at 4°C to precipitate the proteins. Following air-drying, the precipitates were dissolved in dissolution buffer UA (8 M urea and 0.1 M Tris-HCl; pH 8.5). The concentrations of the proteins were measured using the Bradford method, and the proteins (200 *µ*g per sample) were alkylated and digested with trypsin at 37°C for 12 h. The samples were labeled with different isobaric tagging reagents according to the manufacturer\'s protocol (iTRAQ8plex reagents; AB Sciex). A total of 3 biological replicate samples were merged in one labeling sample, and two samples were prepared for iTRAQ labeling. The peptides from G1-1, G1-2, G2-1, G2-2, G3-1, G3-2, G4-1 and G4-2 were labeled with 115, 116, 117, 118, 113, 114, 119 and 121 iTRAQ reagents, respectively. The iTRAQ reagent-labeled samples were finally pooled.

Strong cation exchange (SCX) chromatography
-------------------------------------------

The pooled samples were added to SCX buffer A (20 mM ammonium formate; pH 10.0) and mixed well. Following centrifugation at 11,000 × g for 5 min at 4°C, iTRAQ-labeled peptides were separated using a HPLC 2010A system (Shimadzu Corporation) with a Gemini-NX chromatographic column (4.6×250 mm; 5 *µ*m; 110 Å; Phenomenex; PN:00G-4454-E0). The column was eluted with a linear gradient of 0-20% SCX buffer A containing 20 mM ammonium formate for 60 min and subsequently eluted with a gradient of 20-100% SCX buffer B containing 80% acetonitrile for an additional 60 min with a flow rate of 0.8 ml/min at 25°C. The fractions were collected at 1 min intervals and lyophilized in a vacuum concentrator.

Reverse-phase LC-TripleTOF and mass spectrometric analysis
----------------------------------------------------------

The SCX fractions were resuspended in reverse phase buffer A (98% H~2~O, 2% acetonitrile, 0.1% formic acid). The peptides were captured by the reverse phase nano LC Chrom XP C18 column (Chrom XP C18, 350 *µ*m x 0.5 mm; 3 *µ*m; 120 Å; Eksigent) and separated using a 60 min linear gradient of buffer A (0.1% formic acid in 2% acetonitrile) to buffer B (0.1% formic acid in 98% acetonitrile) at a flow rate of 300 nl/min. MS was performed in a TripleTOF 5600 instrument (AB Sciex, LLC).The electrospray ionization (ionspray voltage of 2.3 KV) was used to generate positive ions and the quadrupole time-of-flight mass spectrometer (Q-TOF-MS) was operated in an information-dependent acquisition mode (scan range, 350-1500 m/z; accumulation time, 0.5 sec). The peptides were finally selected for MS/MS analyses.

Western blotting
----------------

The mouse heart tissues of each group were washed with cold PBS at 4°C following drug treatment. The tissues were homogenized and lysed in RIPA buffer (Beyotime Institute of Biotechnology) containing the protein inhibitor cocktail. The lysates were centrifuged at 12,000 × g for 15 min at 4°C to collect the supernatant. The protein concentration was determined by the BCA method. A total of 50 *µ*g protein was separated from each sample by SDS-PAGE on a 10% gel and transferred to polyvinylidene fluoride membranes. The membranes were blocked in 5% non-fat milk diluted in TBS/T buffer at 4°C for 1 h, and then immunoblotted with antibodies against Apoc3 (1:200 in TBS/T buffer; cat. no. PB1097; Boster Biological Technology) or β-actin (1:1,000 in TBS/T buffer; cat. no. sc-47778; Santa Cruz Biotechnology, Inc.) at 4°C overnight. After washing 3 times for 5 min with TBS/T, the membranes were incubated with HRPconjugated secondary antibodies (1:5,000 diluted in TBS/T; cat. no. ZB-2301 for antirabbit and cat. no. ZB-2305 for antimouse; both OriGene Technologies, Inc.) for 1 h at room temperature. The bands were visualized with enhanced chemiluminescence reagents (Merck KGaA) using Image Lab software (version 4.0; Bio-Rad Laboratories, Inc.).

Data processing and analysis
----------------------------

The MS raw data were accessed at [www.iprox.org/page/PSV023.html;?url=1561949914798JAZl](www.iprox.org/page/PSV023.html;?url=1561949914798JAZl) with the following password: \[KTuX\]. The MS raw data files were uploaded into the PeakView software (version 1.2; AB Sciex, LLC) for peak detection, generation of peak lists of mass error corrected peptides and database searches. Protein identification and quantification were performed with ProteinPilot software (version 4.0; AB SCIEX) against the uniprot-taxonomy_10090 mouse protein database ([www.uniprot.org/uniprot/?query=taxonomy:10090](www.uniprot.org/uniprot/?query=taxonomy:10090)). All common fixed and variable modifications of proteins were considered. iTRAQ 8 plex (Peptide Labeled) was selected as the quantitation mode. A total of three missed cleavages were allowed and the enzyme specificity was selected as \'trypsin\'. Mass tolerance for the initial search was selected as \'5 ppm\' and the MS/MS tolerance was set to 0.1 Da. The data were estimated using automatic decoy searching for false discovery rate (FDR) analysis. The relative expression levels of the proteins at different treatment protocols were calculated using G3 as the reference. The proteins that met the following criteria were selected for further analysis: i) Significantly changed expression (fold-change ≥1.5 fold or ≤0.667 fold vs. control; P\<0.05); ii) a minimum of three peptides with 95% confidence; and iii) 1% global FDR. The bioinformatics analysis ensured that all identified protein accessions were submitted to the Database for annotation, visualization and integrated discovery (DAVID; version 6.8; <http://david.abcc.ncifcrf.gov>). Subsequently, the default matched organism was selected as \'background to do\' analysis. The Gene Ontology (GO; [geneontology.org](http://geneontology.org)) and Kyoto Encyclopedia of Genes and Genomes (KEGG; [www.genome.jp/kegg](www.genome.jp/kegg)) reports from DAVID were downloaded to draw charts using specific in-house Perl and R scripts. The accession of DEPs was submitted to the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; version 10; [www.string-db.org](www.string-db.org)) for the protein-protein interaction (PPI) files. Subsequently, the PPI files and the protein expression file were imported to Cytoscape software (version 3.2.1; [www.cytoscape.org](www.cytoscape.org)) to construct and display the PPT network.

Statistical analysis
--------------------

The results are presented as the mean ± SEM (n=6). The comparisons were performed using GraphPad Prism software (version 5; GraphPad Software, Inc.) with unpaired Student\'s t-test and the one-way ANOVA followed by the Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

SN gene overexpression improves the left ventricular hypertrophy and dysfunction induced by ISO
-----------------------------------------------------------------------------------------------

The echocardiography and cardiac hemodynamic measurements were performed following ISO treatment in order to evaluate the cardiac protective effect of SN ([Fig. 1](#f1-ijmm-45-03-0793){ref-type="fig"}). Following a 7-day period of treatment with ISO, the mice that received Ad-con injections exhibited significant cardiac hypertrophy and cardiac dysfunction compared with the vehicle-treated Ad-con mice. The plasma SN levels were detected by electrochemical detection methods. Compared with the mice that received Ad-con injections, significantly higher plasma SN levels were observed in mice receiving Ad-SN injections (both P\<0.01; [Table I](#tI-ijmm-45-03-0793){ref-type="table"}). ISO treatment also significantly increased plasma SN levels in the mice receiving Ad-con injections (P\<0.01; [Table I](#tI-ijmm-45-03-0793){ref-type="table"}), compared with vehicle-treated mice receiving Ad-con injections. The data indicated a higher left ventricle (LV) end systolic diameter (IVSd, P\<0.05; [Fig. 1A](#f1-ijmm-45-03-0793){ref-type="fig"}) and a lower ejection fraction, as estimated by the Teichholz method (EF, P\<0.01; [Fig. 1B](#f1-ijmm-45-03-0793){ref-type="fig"}). In addition, the maximal values of the first derivative of LV pressure (dPmax, P\<0.01; [Fig. 1C](#f1-ijmm-45-03-0793){ref-type="fig"}) and the cardiac output (CO, P\<0.05; [Fig. 1D](#f1-ijmm-45-03-0793){ref-type="fig"}) were noted. However, SN gene therapy partly restored these levels to approximately 10.4% (P\>0.05) lower in IVSd, and 60.8% (P\<0.01), 104.5% (P\<0.01) and 101.1% (P\>0.05) higher in EF, dPmax and CO, respectively compared with the corresponding levels noted in ISO-treated Ad-con mice. The results demonstrated that SN played a protective role in ISO-induced cardiac hypertrophy.

Identification of differentially expressed proteins following SN gene injection in the ISO-induced cardiac hypertrophy mouse model
----------------------------------------------------------------------------------------------------------------------------------

Using iTRAQ coupled with LC TripleTOF, the present study identified 2,044 proteins with a 1% FDR from 19,729 distinct peptides derived from 106,837 spectra. A 1.5-fold-change of expression cut-off value for 1,217 proteins was used as the cut-off point. A total of 15 proteins indicated a significant change (P\<0.05) in their expression levels between the G2 and G1 groups, whereas 41 proteins exhibited a significant change (P\<0.05) in their expression levels between the G3 and G1 groups. A total of 24 proteins exhibited a significant change (P\<0.05) in their expression levels between the G4 and the G3 groups ([Fig. 2](#f2-ijmm-45-03-0793){ref-type="fig"}). A total of 12 proteins exhibited common upregulated expression levels and three proteins demonstrated common downregulated expression levels following SN gene therapy compared with those of the control group (G2 vs. G1; [Fig. 2](#f2-ijmm-45-03-0793){ref-type="fig"}). In cardiac hypertrophic animals (G3), a higher number of common proteins exhibited differentially expression levels (9 upregulated and 32 downregulated) compared with the expression levels noted in the control group (G1; [Fig. 2](#f2-ijmm-45-03-0793){ref-type="fig"}). Moreover, following SN gene therapy, 24 proteins indicated upregulated expression compared with the corresponding proteins of the cardiac hypertrophic group (G4 vs. G3; [Fig. 2](#f2-ijmm-45-03-0793){ref-type="fig"}). A total of 32 downregulated proteins were identified in the cardiac hyper-trophic group and 15 of them exhibited upregulated expression following SN gene therapy. These proteins did not exhibit a change between the G1 and G2 groups ([Fig. 3](#f3-ijmm-45-03-0793){ref-type="fig"} and [Table II](#tII-ijmm-45-03-0793){ref-type="table"}).

GO classification of differentially expressed proteins
------------------------------------------------------

To further understand the function and role of SN-associated proteins, GO and pathway enrichment analysis were performed using DAVID. The top ten significantly enriched biological processes were identified, including the cellular component and molecular function terms ([Fig. 4](#f4-ijmm-45-03-0793){ref-type="fig"}).

Following comparison of the biological process GO terms corresponding to the differentially expressed proteins of the G3 and G1 groups, seven terms were closely associated with cardiac hypertrophy and cardiac injury (\'striated muscle contraction\', \'regulation of the force of heart contraction\', \'regulation of heart contraction\', \'muscle contraction\', \'cardiac muscle contraction\', \'heart contraction\' and \'heart process\'). The other three significantly enriched biological processes were associated with the metabolic process ([Fig. 4B](#f4-ijmm-45-03-0793){ref-type="fig"}). The comparison of the differentially expressed proteins of the G4 and G3 groups demonstrated that all the significantly enriched biological processes were associated with metabolic processes ([Fig. 4C](#f4-ijmm-45-03-0793){ref-type="fig"}). With regard to the cellular component, the top two terms of the differentially expressed proteins were compared between the G3 and G1 and the G4 and G3 groups. These terms were involved in the cytoplasmic and the mitochondrial function processes ([Fig. 4B and C](#f4-ijmm-45-03-0793){ref-type="fig"}).

The comparison of the G2 and G1 groups revealed no significant differences in the enriched molecular function terms of the differentially expressed proteins ([Fig. 4A](#f4-ijmm-45-03-0793){ref-type="fig"}). The top three terms in the differentially expressed proteins of the G3 and the G1 groups were \'coenzyme binding\', \'cofactor binding\' and \'oxidoreductase activity acting on the CH-OH group of donors\' ([Fig. 4B](#f4-ijmm-45-03-0793){ref-type="fig"}). The top three terms in the differentially expressed proteins of the G4 and the G3 groups were \'oxidoreductase activity\', \'catalytic activity\' and \'poly(A) RNA binding\' ([Fig. 4C](#f4-ijmm-45-03-0793){ref-type="fig"}).

Metabolic pathways involved in SN-mediated protection against cardiac hypertrophy in mice
-----------------------------------------------------------------------------------------

KEGG pathway analysis was used to identify the metabolic pathways of the differentially expressed proteins. The 41 differentially expressed proteins of the G3 and the G1 groups were significantly enriched in ten signaling pathways, with \'cardiac muscle contraction\', \'adrenergic signaling in cardiomyocytes\' and \'metabolic pathways\' as the top three enriched pathways ([Fig. 5A](#f5-ijmm-45-03-0793){ref-type="fig"}). The 24 differentially expressed proteins derived from the comparison of the G4 and G3 groups were significantly enriched in 24 signaling pathways, with \'carbon metabolism\', \'biosynthesis of antibiotics\' and \'metabolic pathways\' as the top three enriched pathways ([Fig. 5B](#f5-ijmm-45-03-0793){ref-type="fig"}). The comparison of the differentially expressed proteins of the G2 and G1 groups did not reveal enriched pathways.

Furthermore, a protein-protein interaction network analysis of SN was performed using the STRING website and Cytoscape software ([Fig. 6](#f6-ijmm-45-03-0793){ref-type="fig"}). Among the network of the protein-protein interaction surrounding SN, the differentially expressed proteins were identified by iTRAQ as follows: Hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit β (Hadhb), apolipoprotein C-III (Apoc3) and myosin heavy polypeptide 7 cardiac muscle β (Myh7).

SN influences cardiac hypertrophy by altering Apoc3 levels
----------------------------------------------------------

For quantitative validation of candidate proteins, western blot analysis of Apoc3 was performed. The protein expression levels of Apoc3 were significantly decreased in the cardiac hypertrophy animals ([Fig. 7](#f7-ijmm-45-03-0793){ref-type="fig"}; P\<0.01). However, the comparison of the cardiac hypertrophic group with the control group demonstrated that SN gene therapy effectively induced Apoc3 expression by 41.8% ([Fig. 7](#f7-ijmm-45-03-0793){ref-type="fig"}; P\<0.05). The results suggested that SN increased Apoc3 expression levels in the hypertrophic heart tissues.

Discussion
==========

Various forms of ventricular pressure overload can cause cardiac hypertrophy, which is an imbalance in cardiac homeostasis ([@b31-ijmm-45-03-0793]). In cardiac hypertrophy, catecholamine levels are increased and adrenergic stimulation occurs ([@b32-ijmm-45-03-0793]). During the development of this condition, several endogenous factors are involved ([@b3-ijmm-45-03-0793],[@b33-ijmm-45-03-0793]). SN was initially discovered as a regulator of neurogenic inflammation ([@b34-ijmm-45-03-0793]). However, subsequent studies demonstrated that it could act as a potential protector against cardiovascular events ([@b6-ijmm-45-03-0793],[@b13-ijmm-45-03-0793],[@b35-ijmm-45-03-0793]). SN plays a protective role in myocardial ischemia and heart failure ([@b36-ijmm-45-03-0793],[@b37-ijmm-45-03-0793]) by inducing angiogenesis and postnatal vasculogenesis ([@b13-ijmm-45-03-0793],[@b38-ijmm-45-03-0793]). However, to the best of our knowledge, the regulation of SN in cardiac hypertrophy has not been previously investigated. In the preliminary study conducted by our research group, SN played a protective role on cardiac hypertrophy induced by ISO in mice. SN gene therapy resulted in a significant improvement in cardiac hypertrophy and cardiac dysfunction ([@b14-ijmm-45-03-0793]). However, the mechanism of the protective role of SN on cardiac hypertrophy was not fully elucidated.

iTRAQ quantitative proteomic technology has been previously used to reveal the mechanisms of diseases ([@b39-ijmm-45-03-0793]) or drug treatment ([@b40-ijmm-45-03-0793],[@b41-ijmm-45-03-0793]). However, to the best of our knowledge, no studies focusing on the protective role of SN on cardiac hypertrophy have been previously reported. Therefore, in the present study, iTRAQ coupled with a LC-TripleTOF-based proteomic technology was used to identify and quantify the differentially expressed candidate proteins in response to SN-mediated inhibition of cardiac hypertrophy induced by ISO for the first time. A total of 41 differentially expressed proteins were observed between hypertrophic and non-hypertrophic heart tissues in mice (G3 vs. G1). A total of 9 proteins were upregulated, whereas 32 proteins were downregulated. Following SN gene therapy, 24 proteins exhibited upregulated expression compared with those noted in the hypertrophic heart with the control gene therapy (G4 vs. G3). In iTRAQ based-comparative proteomic studies, more upregulated differentially expressed proteins were found than down-regulated ones ([@b42-ijmm-45-03-0793]-[@b45-ijmm-45-03-0793]). In the majority of the studies using similar quantitative proteomic techniques, the criteria for selecting differential expression protein were set as \'fold-change ≥1.2 fold or ≤0.83 fold vs. control\' ([@b39-ijmm-45-03-0793],[@b40-ijmm-45-03-0793]). Whereas, in the present study, the criteria were set as \'fold change ≥1.5 fold or ≤0.667 fold vs. control; P\<0.05\'. Higher criteria for selecting differential expressed proteins were selected, as this approach was likely to filter out a large number of downregulated differential expressed proteins whose changes were smaller than the criteria. Therefore, it was not difficult to infer that all differentially expressed proteins were upregulated in the results. A total of 15 out of 32 downregulated proteins (G3 vs. G1 groups) were closely associated with the protective effects of SN gene therapy on cardiac hypertrophy in mice.

GO analysis of differentially expressed proteins indicated that the significantly enriched biological processes were cellular component and molecular function terms. The GO analysis of the differentially expressed proteins resulting from the comparison of the hypertrophic and the non-hypertrophic heart tissues (G3 vs. G1) indicated the top ten significantly enriched biological processes, of which seven terms were closely associated with cardiac hypertrophy and cardiac injury. This result was expected, since the samples from the hypertrophic hearts were pooled. The other three terms were associated with metabolic processes, as myocardial metabolic impairment is a major feature of cardiac hypertrophy and heart failure ([@b46-ijmm-45-03-0793]-[@b48-ijmm-45-03-0793]). The effect of SN gene therapy on the hypertrophic heart tissues (comparison of G4 and G3 groups) resulted in the identification of significantly enriched biological process terms that were associated with the metabolic process. These results indicated that SN played a protective role in cardiac hypertrophy by regulating the metabolic process in cardiomyocytes. KEGG analysis indicated similar results to those derived from the GO analysis, suggesting that the differentially expressed proteins in the hypertrophic heart were significantly associated with cardiac muscle contraction, adrenergic signaling in cardiomyocytes and metabolic pathways, whereas following SN gene therapy, the differentially expressed proteins were all associated with metabolic pathways. These results suggested that the metabolic pathways played a critical role in the protective effect of SN in ISO-induced cardiac hypertrophy in mice.

To further investigate the mechanism of SN regulation in the hypertrophic heart, a protein-protein interacting network analysis of SN was performed. The network of protein-protein interaction surrounding SN highlighted the identification of three proteins in 50 candidate targets by iTRAQ, which were considered to be closely associated with the protective role of SN-gene therapy on cardiac hypertrophy in mice. These three proteins were Hadhb, Apoc3 and Myh7. Myh7 is a slow molecular ATPase involved in muscle contraction ([@b49-ijmm-45-03-0793]) and several studies have demonstrated that the gene encoding for this protein is mutated in cardiac hypertrophy, resulting in altered protein expression levels ([@b50-ijmm-45-03-0793]-[@b52-ijmm-45-03-0793]). Hadhb is involved in the pathway of fatty acid β-oxidation. To the best of our knowledge, the role of this protein in cardiac hypertrophy has not yet been demonstrated. Apoc3 is associated with high levels of triglycerides and remnant cholesterol. Apoc3 inhibits the hydrolysis of triglyceride-rich lipoproteins by lipoprotein lipase ([@b53-ijmm-45-03-0793]) and reduces the uptake of triglyceride-rich lipoproteins by the liver, thereby increasing plasma triglyceride levels ([@b54-ijmm-45-03-0793],[@b55-ijmm-45-03-0793]). Apoc3 has been proposed as a potential target for reducing residual cardiovascular risk ([@b56-ijmm-45-03-0793]-[@b58-ijmm-45-03-0793]). Several studies have demonstrated that the role of Apoc3 in ischemic cardiovascular disease is associated with its ability to impair plasma lipoprotein metabolism, which in turn leads to increased triacylglyceraldehyde levels ([@b56-ijmm-45-03-0793]-[@b58-ijmm-45-03-0793]). In the present study, Apoc3 was identified as a major protein involved in the SN-mediated inhibition of cardiac hypertrophy. These data were derived by iTRAQ and were further validated by western blotting, suggesting that Apoc3 was indeed involved in the protection of SN against cardiac hypertrophy. The results indicated significantly reduced expression levels of Apoc3 in hypertrophic heart tissues compared with those noted in non-hypertrophic heart tissues. However, the expression levels of Apoc3 were significantly increased following SN gene therapy. These results indicated the SN protective role against cardiac hypertrophy by increasing the levels of Apoc3 expression. However, although the expression of Apoc3 was altered, the limitation of present study was that Apoc3 was not knocked down to confirm its role in protecting cardiac hypertrophy by SN. Further follow-up studies are undergoing to provide additional information on the protective mechanism of Apoc3 on cardiac hypertrophy by SN.

The present study utilized comparative proteomic analysis following iTRAQ labeling to identify 15 differentially expressed proteins in cardiac hypertrophy and SN-overexpressed cardiac hypertrophy groups. Moreover, the protective role of SN on cardiac hypertrophy was revealed. The majority of these proteins were involved in cardiac muscle contraction and metabolism pathways. A protein-protein interaction network analysis of SN demonstrated that of the 15 differentially expressed proteins, Hadhb, Apoc3 and Myh7 were associated with the function of SN-gene overexpression in cardiac hypertrophy. Western blotting indicated that Apoc3 levels were downregulated in hypertrophic heart tissues, whereas they were upregulated follwing SN gene therapy. Further validation of these putative target proteins and pathways is essential in future studies in order to improve our understanding of the regulatory mechanisms of SN in cardiac hypertrophy.

The authors would like to thank Mr. Hong Yu (Shanghai Shengzi biological technology Co., Ltd., Shanghai, China) for assistance with the bioinformatics analysis.

Funding
=======

The present study was supported by the National Natural Science Foundation of China (grant nos. 81400212 and 81370403), Chongqing Basic and Frontier Research Project (grant nos. CSTC2015jcyjBX0053 and CSTC2018jcyjAX0126), Chongqing Precision Medical Key Technology Research and Development and Demonstration Projects (grant no. cstc2016shms-ztzx0042), and the Funds for Outstanding Young Scholars in Chongqing Medical University (grant no. CYYQ201309)*.*

Availability of data and materials
==================================

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request. The MS raw data can be accessed at <https://iprox.org/page/SSV024.html;url=1574211720733k2Jh> with password \[7DSA\].

Authors\' contributions
=======================

HC performed the mouse model study and contributed to manuscript writing. MW performed the iTRAQ labeling and the LC-MS/MS analysis. WJ performed the echocardiography and cardiac hemodynamic measurements. XL performed the bioinformatics analysis. JZ prepared the protein samples and performed the western blotting. CY designed the study and contributed to manuscript writing. All authors read and approved the final manuscript.

Ethics approval and consent to participate
==========================================

The protocols were approved by the Animal Care and Use Committee of Sichuan University.

Patient consent for publication
===============================

Not applicable.

Competing interests
===================

The authors declare that they have no competing interests.

![Echocardiography and hemodynamic measurements. G1 mice received Ad-con intramyocardial injection and vehicle subcutaneous injection, G2 mice received Ad-SN intramyocardial injection and vehicle subcutaneous injection, G3 mice received Ad-con intramyocardial injection and ISO subcutaneous injection and G4 mice received Ad-SN intramyocardial injection and ISO subcutaneous injection. (A) IVSd of mice in G1, G2, G3 and G4; (B) EF (Teich)% of mice in G1, G2, G3 and G4; (C) dPmax of mice in G1, G2, G3 and G4; (D) CO of mice in G1, G2, G3 and G4. The data are presented as the mean ± SEM (n=6/group). \*P\<0.05 and ^\*\*^P\<0.01. G1-4, groups 1-4; Ad, adenovirus; SN, secretoneurin; ISO, isoprenaline; IVSd, left ventricle (LV) end systolic diameter; EF (Teich)%, ejection fraction calculated by the Teichholz method; dPmax, maximal value of the first derivative of LV pressure; CO, cardiac output.](IJMM-45-03-0793-g00){#f1-ijmm-45-03-0793}

![Differentially expressed protein counts detected by isobaric tags for relative and absolute quantification coupled with a liquid chromatography-time of flight-based proteomic technology (n=6). G1 mice received Ad-con intramyocardial injection and vehicle subcutaneous injection, G2 mice received Ad-SN intramyocardial injection and vehicle subcutaneous injection, G3 mice received Ad-con intramyocardial injection and ISO subcutaneous injection and G4 mice received Ad-SN intramyocardial injection and ISO subcutaneous injection. G1-4, groups 1-4; Ad, adenovirus; SN, secretoneurin; ISO, isoprenaline.](IJMM-45-03-0793-g01){#f2-ijmm-45-03-0793}

![Differentially expressed proteins were detected by isobaric tags for relative and absolute quantification coupled with a liquid chromatography-time of flight-based proteomic technology and heatmaps were constructed. G1 mice received Ad-con intramyocardial injection and vehicle subcutaneous injection, G2 mice received Ad-SN intramyocardial injection and vehicle subcutaneous injection, G3 mice received Ad-con intramyocardial injection and ISO subcutaneous injection and G4 mice received Ad-SN intramyocardial injection and ISO subcutaneous injection. (n=6). G1-4, groups 1-4; Ad, adenovirus; SN, secretoneurin.](IJMM-45-03-0793-g02){#f3-ijmm-45-03-0793}

![GO analysis of differentially expressed proteins (n=6). (A) GO analysis of differentially expressed proteins following comparison of G2 and G1 groups (G2 vs. G1). (B) GO analysis of differentially expressed proteins following comparison of G3 and G1 groups (G3 vs. G1). (C) GO analysis of differentially expressed proteins following comparison of G4 and G3 groups (G4 vs. G3). GO, Gene Ontology; G1-4, groups 1-4.](IJMM-45-03-0793-g03){#f4-ijmm-45-03-0793}

![KEGG analysis of differentially expressed proteins (n=6). (A) KEGG analysis of differentially expressed proteins following comparison of G3 and G1 groups (G3 vs. G1). (B) KEGG analysis of differentially expressed proteins following comparison of G4 and G3 groups (G4 vs. G3). KEGG, Kyoto Encyclopedia of Genes and Genomes; G1-4, groups 1-4.](IJMM-45-03-0793-g04){#f5-ijmm-45-03-0793}

![Highly interconnected protein networks surrounding SN. Red is indicative of differentially expressed proteins. Gray is indicative of non-differentially expressed proteins. Yellow is indicative of differentially expressed proteins in the 15 candidate proteins presented in [Table I](#tI-ijmm-45-03-0793){ref-type="table"}. SN, secretoneurin.](IJMM-45-03-0793-g05){#f6-ijmm-45-03-0793}

![Expression levels of Apoc3 in cardiac ventricles of vehicle- or ISO-treated mice that were administered Ad-con or Ad-SN intramyocardial injections. The protein expression was determined by western blotting. Ad-con mice were treated by intramyocardial injection with Ad-con, whereas Ad-SN mice were treated by intramyocardial injection with Ad-SN. The data are presented as the mean ± SEM (n=6). ^\*^P\<0.05 and ^\*\*^P\<0.01, as indicated. Apoc3, apolipoprotein C-III; ISO, isoprenaline; Ad, adenovirus; SN, secretoneurin.](IJMM-45-03-0793-g06){#f7-ijmm-45-03-0793}

###### 

Plasma SN levels determined by electrochemical methods in vehicle- or ISO-treated mice receiving Ad-con or Ad-SN intramyocardial injections.

  Group   Plasma SN level (ng/ml)
  ------- ---------------------------------------------------------------------------------------------------------
  1       3.1±0.4
  2       8.8±0.4[a](#tfn2-ijmm-45-03-0793){ref-type="table-fn"}
  3       7.4±0.5[a](#tfn2-ijmm-45-03-0793){ref-type="table-fn"}
  4       13.0±0.5[b](#tfn3-ijmm-45-03-0793){ref-type="table-fn"},[c](#tfn4-ijmm-45-03-0793){ref-type="table-fn"}

SN, secretoneurin; G1-4, groups 1-4. The data are presented as the mean ± SEM. (n=4).

P\<0.01 vs. G1;

P\<0.01 vs. G2;

P\<0.01 vs. G3.

###### 

List of the SN-related significantly differential proteins(n=6).[a](#tfn5-ijmm-45-03-0793){ref-type="table-fn"}

  Protein name                                                                                                                         Protein ID     Gene     Fold-change               
  ------------------------------------------------------------------------------------------------------------------------------------ -------------- -------- ------------- ----------- -----------
  Oxoglutarate dehydrogenase like                                                                                                      B2RXT3_MOUSE   Ogdhl    1.01±0.15     0.66±0.03   1.73±0.08
  Δ([@b3-ijmm-45-03-0793],[@b5-ijmm-45-03-0793])-Δ([@b2-ijmm-45-03-0793],[@b4-ijmm-45-03-0793])-dienoyl-CoA isomerase, mitochondrial   ECH1_MOUSE     Ech1     0.93±0.06     0.61±0.03   1.57±0.09
  Myosin light chain 3                                                                                                                 MYL3_MOUSE     Myl3     0.97±0.04     0.65±0.13   2.21±0.38
  Myosin regulatory light chain 2, ventricular/cardiac muscle isoform                                                                  MLRV_MOUSE     Myl2     0.89±0.03     0.59±0.12   1.57±0.39
  Lipoamide acyltransferase component of branched-chain α-keto acid dehydrogenase complex, mitochondrial                               ODB2_MOUSE     Dbt      0.99±0.02     0.58±0.04   1.52±0.12
  Isocitrate dehydrogenase \[NADP\], mitochondrial                                                                                     IDHP_MOUSE     Idh2     1.04±0.08     0.53±0.03   1.95±0.02
  Cardiac phospholamban                                                                                                                PPLA_MOUSE     Pln      1.01±0.12     0.64±0.04   1.71±0.06
  Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial                                                                                  HCDH_MOUSE     Hadh     1.15±0.18     0.58±0.02   1.82±0.08
  Creatine kinase S-type, mitochondrial                                                                                                KCRS_MOUSE     Ckmt2    1.14±0.03     0.65±0.01   1.97±0.36
  D-β-hydroxybutyrate dehydrogenase, mitochondrial                                                                                     BDH_MOUSE      Bdh1     1.25±0.09     0.66±0.03   1.81±0.17
  Trifunctional enzyme subunit β, mitochondrial                                                                                        ECHB_MOUSE     Hadhb    1.061±0.12    0.63±0.05   1.59±0.18
  Myosin, heavy polypeptide 7, cardiac muscle, β                                                                                       B2RXX9_MOUSE   Myh7     0.63±0.21     0.39±0.06   2.48±0.39
  Apolipoprotein C-III                                                                                                                 E9QP56_MOUSE   Apoc3    0.81±0.13     0.64±0.13   1.78±0.39
  Fatty acid binding protein 3, muscle and heart                                                                                       Q5EBJ0_MOUSE   Fabp3    1.03±0.15     0.58±0.03   1.83±0.14
  Cytochrome c oxidase subunit 6A, mitochondrial                                                                                       Q8R2L0_MOUSE   Cox6a2   0.89±0.04     0.56±0.09   2.11±0.45

The proteins were significantly different with regard to the comparison of the cardiac hypertrophy (G3) and the control (G1) groups and with regard to the comparison of the SN gene therapy (G4) with the cardiac hypertrophy (G3) groups. The alteration trends of these proteins were opposite following the two different comparisons. SN, secretoneurin; G1-4, groups 1-4.
